A new ultrasonic suction pump is described in this paper. The pump uses suction force of the rigid cylinder tube vibrating at an ultrasonic frequency and has no physically moving parts. The pump is consists of a longitudinal bolt-clamped Langevin transducer (BLT) combined with a stepped horn working at its resonance frequency of 24 kHz. A glass tube of the half-wavelength-resonance length is glued at the tip of the horn. To enhance the pump performance, we introduce a reflection plate and a thin rod installed to the end of the glass tube with a small gap. The maximum pressure of 7.2 kPa and 23.5 kPa were recorded by using the reflection plate and the thin rod, respectively. In this study, we investigate the characteristics of the pump, and the operation physics experimentally. The highest pressure is the functions of the vibration velocity of the end surface of the glass tube and of the gap.
Introduction
In recent years, many fluidic devices using vibration and acoustic energy are being rapidly developed. These devices have wide applications, such as ultrasonic motor with fluid coupling [1] , miniature pumps, mixers and fluidic sensors. This field, especially, focuses on the application of miniature pumps to transport a variety of liquids at a large range of flow rates and pressure. Miniature pumps are used for a wide variety of applications including thermal management, electronic cooling systems, chemical analysis and medical applications. Many micropumps using vibrating and acoustic energy have been proposed and can be classified into membrane actuated type pumps and acoustic streaming type pumps. In the former type of pumps, membrane is actuated piezoelectrically [2] , electrostatically [3] and magnetostrictively [4] to convert the membrane motion to a pumping action. The most of these type pumps require passive valves to control the flow direction. However, the valves have the serious problem such as wear and clogging due to the bubble and particles.
In the latter type of pumps, acoustic streaming generated form flexural plate wave (FPW) [5] or the attenuation of the acoustic wave in a medium [6] is used for fluid pumping. These pumps have no moving parts (e.g. passive valves) and, therefore, have good reliability and can pump fluid with small particles. However, they have rather small flow rates and pressure compared to that of the membrane pumps. This paper describes a new ultrasonic suction pump which consists of a longitudinal bolt-clamped Langevin transducer (BLT) combined with a stepped horn and a glass tube of the half-wavelength-resonance length glued at the tip of the horn. If one end of a rigid cylinder tube vibrating at an ultrasonic frequency is dipped into a liquid, suction force occurs and, therefore, a liquid is sucked up into the tube. The pump uses this suction mechanism to drive the flow and has no physically moving parts. The first prototype pump achieved the highest water level of about 10 cm, when the end surface of the glass tube was opened in the water. In this study, to enhance the pump performance, Th5.C2.6
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we introduce a reflection plate which is installed at right angles to the end surface of the glass tube with a small gap and a thin rod which is inserted to the glass tube. By using the proposed methods, the highest water level is increased by eight times with the reflection plate and twenty four times with the insert of thin rod, compared to that of the previous results, respectively. In this study, we investigate the characteristics of the pump, and the operation physics experimentally. The highest pressure is the functions of the vibration velocity of the end surface of the glass tube and of the gap. The water level in the tube rises with the vibration velocity of the end surface, though it saturates when the vibration velocity exceeds a certain value.
The Pump Configurations
The basic configuration of the ultrasonic suction pump is shown in Fig. 1 . The pump is consists of a longitudinal bolt-clamped Langevin transducer (BLT) combined with a stepped horn working at its resonance frequency of 24 kHz.
A glass tube of the half-wavelength-resonance length is glued at the tip of the horn. The glass tube is 120 mm in length, 3.5 mm in inner diameter and 8 mm in outer diameter. In order to observe a fluid flow inside the tube and near the end surface of the tube, the glass tube was used. A silicone rubber tube with the inner diameter of 3 mm for observing the water level and flow rates is attached at the outlet hole of the stepped horn. When the end of the glass tube is dipped into liquid and the glass tube is driven with the longitudinal vibration at an ultrasonic frequency, suction force occurs and, therefore, liquid is sucked up into the tube. The best pump performance is achieved when the drive frequency is close to the resonance frequency of the longitudinal vibration of the glass tube. The vibration velocity of the longitudinal vibration at the end of the glass tube dipped in the liquid was assumed from the force factor of vibration system which was measured in air condition, and the input current when the pump was driven. Pump performance was evaluated by measuring the flow rates and the maximum pressure. The flow rates of the pump was measured by collecting the water that was performed by the pump action for 1 minute, and then measured the water volume using a graduated cylinder. The highest pressure that the pump can reach was measured by pumping water into a vertical tube. The highest level that the water reached represents the highest pressure of the pump.
Observation of the Flow
For considering the pump mechanism, the flow field around the end parts of the glass tube was observed. Figure 2 shows the qualitative flow map of the bubble, which was illustrated from the video camera images. On the outside of the glass tube tip, the bubble flow toward outsides has been observed. On the other hand, in the inner side at the tip of the glass tube, the flow field is formed in the direction which is going to suck up liquid. It is thought that the flow inside a glass tube tip is probably an important factor of the suction phenomenon. Although liquid is sucked up by the inside flow, there is also a flow to fall down a liquid with gravity. When the end surface of the glass tube is opened, since the suction flow is slightly larger than downfall direction flow, the higher water level could not be achieved. In order to reduce the downfall direction flow and improve the pump performance, we introduce a reflection plate which is installed at right angles to the end surface of the glass tube with a small gap (Fig. 3(a) ) and a thin rod which is inserted to the glass tube ( Fig.  3(b) ). If the plate and rod elements are installed with adequate gap, these elements work like as the nozzle/diffuser elements of the valve-less pump [7] . The volume flow in the suction direction is much higher than the volume flow in the downfall direction. The volume flow of the downfall direction becomes smaller when the plate and rod elements are installed with small gap than the opened glass tube. The highest pressure of the pump has been increased dramatically with the plate and rod elements.
Results
The maximum pump pressures are plotted in Fig. 4 as a function of the gap G between the glass tube tip and the reflection plate. The pressure was measured with the vibration velocity at the tip of glass tube as 0.8 m/s. The maximum pressure of 7.2 kPa was achieved, when the gap G was 50 um and the pressure falls rapidly as the gap G becomes large. When the gap G became larger than 500 um, pressure did not change and was almost the same as the state without reflection plate where there was no reflection plate near the glass tube tip, the glass tube tip is opened in water. Although the pressure was dependent on the gap G, the pressure change was large when the gap G was small.
The maximum pump pressures as a function of the insert length of the rod are plotted in Fig. 5 . If the flow inside the glass tube tip ( §3) is the main factor of the suction phenomenon, the highest water level (maximum pressure) will also depend on the insert length of the rod. The pressure was measured with the vibration velocity at the tip of glass tube as 0.6 m/s and the rod diameter of 3.45 mm. The maximum pressure of 23.5 kPa was achieved, when the insert length was 1.5 mm and the pressure fell down as the insert length becomes large. When the insert length became larger than 3 mm, the pump action was almost stopped. From this measurement and the flow field observation in §3, it is thought that the flow field induced by the vibration of the glass tube tip is the main factor of the suction phenomenon. The vibration velocity dependence of the pump pressure at zero flow rates is shown in Fig. 6 for proposed methods. The opened state value is also plotted. In the opened state, the water level began to rise at the vibration velocity of 0.78 m/s and the maximum pressure of only 1kPa was marked, even if the vibration velocity was raised up to 1 m/s. In the reflection plate type, the water level began to rise in the vibration velocity of 0.1 m/s. The water level in the tube rises with the vibration velocity of the end surface, though it saturated when the vibration velocity exceeds 0.8 m/s. In against to the glass tube of 3.5 mm in inner diameter, insertion rod of outer diameter of 3.45 mm was used.
Although the results had almost the same tendency as the reflection plate type, the thin rod insertion type achieved the maximum pressure of 23.5 kPa which is more than three times as high as the reflection plate type. The water level began to rise in the vibration velocity of 0.3 -0.4 m/s and the maximum pressure was saturated when the vibration velocity exceeds 0.6 m/s. In Fig. 7 the pressure-flow characteristics of the pump are plotted. The flow rates decrease linearly with increasing the pump pressure. The maximum flow rate was 26 ml/min and the maximum pressure was 7.2 kPa when the reflection plate was installed with 50 um gap. The maximum flow rate was 66 ml/min and the maximum pressure was 23.5 kPa when the rod was inserted.
Conclusions
The new ultrasonic suction pump described here, uses suction force of the rigid cylinder tube vibrating at an ultrasonic frequency and has no physically moving parts. The pump is consists of a longitudinal BLT, a stepped horn and a glass tube of the half-wavelength-resonance length. From the flow field observation, we predict that the flow field induced from the vibration of the glass tube tip is the main factor of the suction phenomenon. To enhance the pump performance, we introduce a reflection plate and a thin rod installed to the end of the glass tube with a small gap. The highest pressure is the functions of the vibration velocity of the end surface of the glass tube and of the gap. The maximum flow rate was 26 ml/min and the maximum pressure was 7. kPa when the reflection plate was installed with 50 um gap. The maximum flow rate was 66 ml/min and the maximum pressure was 23.5 kPa when the rod was inserted. Additional investigations of the flow field should be carried out with quantitative measurements and numerical simulation in order to know the exact pump mechanism. These investigation and simulation will provide a good information for miniaturization of the pump. 
